Observation of the Brownian motion of a small probe interacting with its environment provides one of the main strategies for characterizing soft matter [1] [2] [3] [4] . Essentially, two counteracting forces govern the motion of the Brownian particle. First, the particle is driven by rapid collisions with the surrounding solvent molecules, referred to as thermal noise. Second, the friction between the particle and the viscous solvent damps its motion. Conventionally, the thermal force is assumed to be random and characterized by a Gaussian white noise spectrum. The friction is assumed to be given by the Stokes drag, suggesting that motion is overdamped at long times in particle tracking experiments, when inertia becomes negligible. However, as the particle receives momentum from the fluctuating fluid molecules, it also displaces the fluid in its immediate vicinity. The entrained fluid acts back on the particle and gives rise to longrange correlations 5,6 . This hydrodynamic 'memory' translates to thermal forces, which have a coloured, that is, non-white, noise spectrum. One hundred years after Perrin's pioneering experiments on Brownian motion 7-9 , direct experimental observation of this colour is still elusive 10 . Here we measure the spectrum of thermal noise by confining the Brownian fluctuations of a microsphere in a strong optical trap. We show that hydrodynamic correlations result in a resonant peak in the power spectral density of the sphere's positional fluctuations, in strong contrast to overdamped systems. Furthermore, we demonstrate different strategies to achieve peak amplification. By analogy with microcantilever-based sensors 11,12 , our results reveal that the particle-fluid-trap system can be considered a nanomechanical resonator in which the intrinsic hydrodynamic backflow enhances resonance. Therefore, instead of being treated as a disturbance, details in thermal noise could be exploited for the development of new types of sensor and particle-based assay in lab-on-a-chip applications 13, 14 .
Observation of the Brownian motion of a small probe interacting with its environment provides one of the main strategies for characterizing soft matter [1] [2] [3] [4] . Essentially, two counteracting forces govern the motion of the Brownian particle. First, the particle is driven by rapid collisions with the surrounding solvent molecules, referred to as thermal noise. Second, the friction between the particle and the viscous solvent damps its motion. Conventionally, the thermal force is assumed to be random and characterized by a Gaussian white noise spectrum. The friction is assumed to be given by the Stokes drag, suggesting that motion is overdamped at long times in particle tracking experiments, when inertia becomes negligible. However, as the particle receives momentum from the fluctuating fluid molecules, it also displaces the fluid in its immediate vicinity. The entrained fluid acts back on the particle and gives rise to longrange correlations 5, 6 . This hydrodynamic 'memory' translates to thermal forces, which have a coloured, that is, non-white, noise spectrum. One hundred years after Perrin's pioneering experiments on Brownian motion [7] [8] [9] , direct experimental observation of this colour is still elusive 10 . Here we measure the spectrum of thermal noise by confining the Brownian fluctuations of a microsphere in a strong optical trap. We show that hydrodynamic correlations result in a resonant peak in the power spectral density of the sphere's positional fluctuations, in strong contrast to overdamped systems. Furthermore, we demonstrate different strategies to achieve peak amplification. By analogy with microcantilever-based sensors 11, 12 , our results reveal that the particle-fluid-trap system can be considered a nanomechanical resonator in which the intrinsic hydrodynamic backflow enhances resonance. Therefore, instead of being treated as a disturbance, details in thermal noise could be exploited for the development of new types of sensor and particle-based assay in lab-on-a-chip applications 13, 14 .
Einstein's theory of Brownian motion 15 , published in 1905, received considerable attention and was later reformulated in terms of a Langevin equation 16 . In it, particle motion is driven by thermal fluctuations induced through collisions with the fluid molecules. These rapid 'kicks' are assumed to be random and independent at frequencies much smaller than the collision rate of ,1 THz. The thermal force consequently has a white noise spectrum 16 ; that is, the spectrum is constant over a wide range of frequencies. Momentum is transferred from the particle to the fluid at times t p 5 m p /c ( Fig. 1a, left) , where c 5 6pgR is the coefficient of static friction of the particle for macroscopic no-slip boundary conditions, m p is the particle's mass, g is the shear viscosity of the fluid and R is the radius of the particle (which is taken to be spherical). However, when the densities of the particle and the fluid, r p and, respectively, r f , are comparable, their coupling becomes important 17, 18 . As the suspended particle fluctuates through the solvent, long-range correlations build up as a result of momentum exchange, leading to hydrodynamic memory in the solvent. Hence, an additional timescale, t f 5 R 2 r f /g, which describes the time needed by the perturbed fluid flow field to diffuse over one particle radius ( Fig. 1a, middle) , becomes important. According to the fluctuation-dissipation theorem, the statistics of the thermal force, F th (t), is characterized by a delta-correlated white noise term and a coloured, frequency-dependent component that reflects the retarded viscous response of the fluid continuum to the particle.
To measure directly the predicted correlations in thermal noise, we combined strong optical trapping with high-resolution, 3D position detection 19 (Supplementary Information, section 1). The resulting force balance for the particle reads m p € x t ð Þ~F fr t ð Þ{Kx t ð ÞzF th t ð Þ, where x(t) is the particle's displacement from the trap centre (with a dot denoting differentiation with respect to time), F fr (t) is the noninstantaneous friction force on the particle and K is the stiffness of the optical trap. This harmonic restoring force gives the trap relaxation time of t K 5 c/K (Fig. 1a, right) . At long times, strong trapping eventually dominates over friction and becomes the main force counteracting thermal excitation. The Langevin equation reduces then to Kx(t) < F th (t). Consequently, when tracking the fluctuating motion of the particle in a strong harmonic potential (Fig. 1b, c) , we effectively probe the thermal force of the fluid 10 . Correlations in thermal noise
*These authors contributed equally to this work. become directly accessible through the positional autocorrelation function, PAF(t) 5 AEx(t)x(0)ae, calculated from the recorded fluctuations of the trapped sphere ( Fig. 1b ). The sequential order and magnitudes of the various timescales depend on the size and mass of the Brownian particle, the nature of the solvent and the stiffness of the optical trap. The experimental challenge consists of exploring a wide range of timescales. Therefore, we optimized our set-up 20 to achieve a resolution of ,1 nm in space and close to 1 ms in time (Supplementary Information, section 1). In typical optical tweezers experiments, silica or polystyrene spheres immersed in water and with sizes =1 mm are used. This yields values for t f and t p of less than 1 ms, which is below our temporal resolution limit 21 . Therefore, we instead used melamine resin beads with diameters of between 2 and 3 mm and suspended them in acetone, which is three times less viscous than water. In this set-up, t p < 1-3 ms and t f < 2-6 ms. Furthermore, the difference between the refractive indices of resin (n 5 1.68) and acetone (n 5 1.36) was high enough to provide good trapping efficiency. With such an experimental configuration, we could increase t f and K sufficiently to bring the trap relaxation time, t K , close to t f . This made the window in which mainly thermal force correlations determine the bead's dynamics ( Fig. 1a , middle) experimentally accessible. On these timescales, the mass of the particle is already negligible, leading to a clear separation between the inertial and hydrodynamic regimes of Brownian motion (Supplementary Information, section 5). Figure 2a , b shows the mean squared displacements and positional autocorrelation functions calculated from the measured position fluctuations, x(t) ( Supplementary Information, section 3) , of a single resin sphere immersed in water (green circles) or in acetone (blue circles) and held with comparable optical forces. PAF(t) has a clear zero-crossing followed by anticorrelations. The appearance of anticorrelations is in remarkable contrast with the exponential relaxation, (k B T=K)e {t=tK , characteristic of overdamped harmonic oscillators subject to instantaneous Stokes friction {c _
x t ð Þ. In the frequency domain ( Fig. 2c) , the corresponding power spectral density, PSD(f), shows that increasing t f , and hence decreasing the ratio t K /t f by reducing the fluid's viscosity, caused the emergence of a resonance. This resonant peak indicates that the thermal force spectrum is enhanced as frequency increases (blue circles). In water (green circles), the maximal corner frequency, f K 5 1/2pt K , we obtained resulted in an enhancement of the PSD close to our noise limit. Nevertheless, deviations from the simple Lorentzian,
, of overdamped systems (green line) are clearly visible for frequencies around f K .
For a quantitative description, we solve a Langevin equation with no-slip boundary conditions accounting for slow vortex diffusion 17, 18 and trapping 22, 23 . Our data (Fig. 2 , symbols) are in excellent agreement with the theoretical expression ( Fig. 2 , black lines) over three decades in time and four orders of magnitude in signal (Fig. 2b) , and we observe a hydrodynamic power-law tail, PAF t
, which by equation (1) directly reflects the corresponding persistent correlations in the thermal forces
for times for which compressibility effects from the fluid can be ignored ( Supplementary Information, section 4) . The negative overshoot in the PAF and the equivalent resonant peak in the PSD originate solely from the hydrodynamic coupling between the fluid and the particle. Supplementary Information, section 4) . Consequently,x f ð Þ is a filtered signal of the noiseF th f ð Þ, and the PSD of the Brownian thermal noise, PSD th (f), is related to the measured PSD by
The data shown in Fig. 2d confirm the departure from white noise through a drastic increase in thermal noise at higher frequencies.
Deviations from Gaussian white noise are towards the blue end of the spectrum at frequencies that are much smaller than the collision rate of the solvent molecules, and reflect the colour of thermal force 10 . The observed resonance in the PSD can be enhanced by decreasing the ratio t K /t f and hence increasing K. Figure 3a shows peak amplification with increasing laser power up to a stiffness of 412 mN m 21 . In the hydrodynamic regime, Brownian motion is strongly sensitive to particle size because the determinant timescale, t f , is proportional to R 2 . A difference in the bead radius, DR, of only a few per cent results in a detectable shift in the PAF around its zero-crossing, in acetone as well as in water (Fig. 3b) .
Experimental access to short timescales reveals a resonance in Brownian motion where overdamped motion is commonly assumed. For a given solvent and particle, it is possible to investigate the dynamics of the system in different regimes by decreasing t K and detecting the position fluctuations at the highest bandwidth. Stronger and narrower resonances can be obtained in the inertial regime, where Brownian motion is also sensitive to the particle's mass 24, 25 . To reach this window, t K has to be brought close to t p by increasing K or m p . Although heavier particles, which simultaneously allow for more efficient trapping, are still to be developed 26 , the timeline displayed in Fig. 1a can be explored theoretically and by means of computer simulations. Transition to the inertial regime is marked by the appearance of a peak in the case of the (2)). The black lines correspond to the full hydrodynamic theory including inertial effects 22, 23 . The parameters t f and t K were extracted from the fit to the theory. Error bars, 1 s.e. of the mean from blocking.
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harmonic oscillator with t K , 2t p . When t K is further decreased, the mass term in the Langevin equation eventually becomes larger than the friction term. Interestingly, in comparison with the simple harmonic oscillator (Fig. 4a, dashed lines) , the peak is significantly enhanced and its position, f max , is shifted to lower frequencies by the contribution of hydrodynamic memory (Fig. 4a, solid lines) .
The study of Brownian motion on short timescales in a medium with hydrodynamic effects has also become accessible by advanced simulation techniques. We used multiparticle collision dynamics (see ref. 27 and references therein) with molecular dynamics coupling between solute and solvent particles. The method yielded a compressible solvent and correctly reflected the hydrodynamic effects at coarse-grained scales. The approach was implemented most conveniently for full-slip boundary conditions at the solute-solvent interface, whereas our experiments obeyed no-slip conditions. The simulation results for the PSD show that a resonance emerges in the hydrodynamic regime as well as in the inertial regime (Fig. 4b, filled circles) , irrespective of boundary conditions at the solvent-solute interface. However, the weak coupling between the Brownian particle and the surrounding fluid yielded a resonance much weaker than that which emerged under no-slip conditions (Fig. 4a) . The collected data follow the theoretical curves (Fig. 4b, coloured lines) , where friction is evaluated for a compressible fluid under full-slip conditions (Supplementary Information, sections 4 and 7).
The enhanced resonance is sensitive to the size of the bead in the hydrodynamic regime (Fig. 4c , red curves versus green and blue curves). Also, it is mass sensitive in the inertial regime of the simulation and, more markedly, under experimental conditions. In contrast, for the harmonic oscillator, sensitivity to particle size is much lower and sensitivity to its mass occurs only in the underdamped regime, where t K , 2t p (Fig. 4c, dashed lines) .
Additional peak amplification can be achieved through parametric resonance 25, 28, 29 by periodically modulating the trap strength at frequency f exc : K(t) 5 K[1 1 gcos(2pf exc t)]. We obtained the theoretical excited PSD, PSD exc (f), normalized to the initial value of the nonexcited PSD, from the solution of a parametrically modulated Langevin equation, including hydrodynamic memory, using secondorder perturbation theory in the reduced modulation amplitude, g ( Supplementary Information, section 6 ). As for a harmonic oscillator, also in the presence of coloured friction, the greatest additional peak amplification is achieved at a frequency of f exc < 2f peak , which yields an increase of up to 20% when g 5 50% (Fig. 4a, open circles) . Comparable results were obtained with computer simulations (Fig. 4b , open circles).
Exploiting the hydrodynamic and inertial regimes of Brownian motion for particle-based assays will become a common technological approach 13, 14 . We anticipate that changes in the particle's morphology, such as swelling or a reaction occurring at its surface, will alter shorttime dynamics and become detectable. As single cells, microorganisms and microcarriers can also be bound harmonically 12,30 , short-time detection of their Brownian fluctuations may become a sensitive way to characterize their state or evolution in native solutions and without specific markers. Reciprocally, changes in the medium surrounding the probing particle modulate the particle's fluctuation spectrum [2] [3] [4] , offering a means of studying dynamic polymer systems in great detail.
METHODS SUMMARY
Melamine resin microspheres (r p 5 1,510 kg m 23 , R 5 1.5, 1.45, 1.35 or 1 mm) were suspended in high-purity acetone (g 5 0.32 cP (1 cP 5 1 mPa s), r f 5 790 kg m 23 ) or water (g 5 0.95 cP, r f 5 1,000 kg m 23 ) at minimal concentrations to allow trapping and observation of a single particle. After loading, the sample chamber was mounted onto the 3D piezo stage of our custom-made inverted microscope/optical trap set-up 20 . A bead was trapped in the focus of a Gaussian trapping beam produced by a diode-pumped, ultralow-noise Nd:YAG laser with a wavelength of l 5 1,064 nm and a maximal output power of 500 mW in continuous-wave mode. At the focus, the remaining power was measured to be 200 mW for the stiffest traps used. To avoid surface effects, the trapped bead was brought by the piezo stage no closer than 40 mm to the top or bottom glass surface of our sample chambers, which were more than 100 mm thick. Fluctuations in the position of the bead were detected in 3D by an InGaAs quadrant photodiode 31 with a diameter of 2.0 mm. The signals from the quadrant photodiode were fed into a custom-built preamplifier, which provided two differential signals between the photodiode quadrants, giving the fluctuations in the x and y directions, and one signal that is proportional to the PSD(f)/PSD(0) 2πfτ f τ K /τ p = 2.4 τ K /τ p = 1.7 τ K /τ p = 1.1 τ K /τ p = 1 τ K /τ p = 2 τ K /τ p = 4 The open circles are simulation data for an excitation with g 5 50% and f exc 5 2f max . Inset, corresponding fluid velocity field at f 5 1/2pt f , decreasing from red to green. All curves in a and b are normalized to the zero-frequency value of the respective non-excited PSD. c, Normalized peak height for increasing trap strength, calculated for particles of different sizes and densities in acetone, where b is the unit length of simulations (Supplementary Information, Section 7) (thick lines; blue: 2b 5 R 5 1.0 mm, r p 5 1,510 kg m 23 ; green: R 5 1.0 mm, r p 5 3,020 kg m 23 ; red: R 5 2.0 mm, r p 5 1,510 kg m 23 ) and compared with the harmonic oscillator (dashed lines). Simulation data (symbols) are compared to the corresponding theory (thin lines). . The black lines in each plot correspond to the full hydrodynamic theory 22, 23 . Data were acquired and processed as described in Fig. 2 . Error bars, 1 s.e. of the mean from blocking.
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total light intensity, yielding the fluctuation in the direction parallel to the optical axis, z. Subsequently, we used differential amplifiers to adjust the preamplifier signals for optimal digitalization by the data acquisition board with a dynamic range of 12 bits. All data were collected for T <50 s at a sampling rate of 1 MHz, corresponding to ,5 3 10 7 data points. The PSD presented in Figs 2 and 3 were computed from overlapping windows of 2 22 points.
